increase the pH of acid soils. The effect of fresh cattle manure on soil acidity and nutrient availability was determined in the laboratory and improve soil fertility by supplying nutrients for crop , 1998) . The effect of animal manure on soil pH amended soil had significantly higher pH than unamended soil, and may persist over several years. Bickelhaupt (1989) found the highest rate (40 g manure kg Ϫ1 , dry weight basis) increased the that the application of composted lime-treated horse pH of Beaverlodge and Fort Vermillion soils from 4.8 to 6.0 and 5.5 to manure to a slightly acidic soil (pH 5.7) increased soil 6.3, respectively. The higher pH in manure-amended than unamended pH to between 6.7 and 7.3, and the effect was undiminsoils was attributed to buffering from bicarbonates and organic acids ished 12 yr after manure application.
in cattle manure. Mineral N (NH 4 -N ϩ NO 3 -N), available P, K, Ca, Intensive confined beef cattle production has been and Mg increased immediately after manure application, and available P and K remained significantly higher in manure-amended than unincreasing in Alberta for 20 years and feedlots conamended soil after the 8-wk incubation. Soils amended with 40 g taining more than 50 000 animals are now common manure kg Ϫ1 had three to four times more plant-available P and K (Chang and Janzen, 1996) . Since production efficiency than unamended soils after incubation. Available S concentrations is improved with concentrated animal production, the did not differ significantly in manure-amended and unamended soils. The Beaverlodge soil is a Gray Luvisol (fine-loamy, mixed, † † Saturated paste extracts.
trend towards intensive production units is likely to
frigid Typic Hapludalf) containing 220 g sand kg The Fort Vermillion soil is an Orthic Gray Luvisol (fineloamy, mixed, frigid Typic Hapludalf) containing 250 g sand kg
Ϫ1
, 630 g silt kg Ϫ1 and 120 g clay kg Ϫ1 with 34 g organic C determined on saturated paste extracts by potentiometric titrakg Ϫ1 and pH 5.6. Additional information on these soils has tion to pH 8.0 (CO 3 ) and pH 4.0 (HCO 3 ) (Eaton et al., 1995) . been reported by Franzluebbers and Arshad (1997) and Soon (1994) .
Statistics
Data were log transformed to equalize variance and evaluExperimental Design ated statistically by two-factor ANOVA in a general linear One-hundred grams (oven-dried basis) of air-dried sieved model (GLM) using SAS software (SAS Institute Inc., 1990). (Ͻ2 mm) soil were mixed with fresh cattle manure at the rate The effects of manure rate, incubation time, and the interacof 0, 10, 20, 30, and 40 g (oven-dry basis) manure kg Ϫ1 . Some tion between these variables on soil pH and fertility paramephysical and chemical properties of the cattle manure used in ters were evaluated. Variables that significantly affected soil the study are outlined in Table 1 . Soil-manure mixtures were placed in cups without drains to prevent nutrient leaching, moistened to between 70 and 75% of soil field capacity, covered, and incubated at 25ЊC (Ϯ 1ЊC) in a controlled climate room. The effects of cattle manure on soil acidity and fertility were determined by destructively sampling four replicate soilmanure mixtures of each soil type at 0, 2, 4, and 8 weeks after the beginning of the experiment.
Soil Analysis
Soil pH was determined on 1:2 soil/0.01 M CaCl 2 slurries after a 30-min equilibration. The lime requirement of soils used in this study was determined using the p-nitrophenol-H 3 BO 3 -KCl buffer (pH 8.0) method. The amount of CaCO 3 required to raise soil pH to 6.5 was 4.5 Mg ha Ϫ1 for the Beaverlodge soil and 2.3 Mg ha Ϫ1 for the Fort Vermillion soil. Mineral N (NH 4 -N and NO 3 -N) was determined in 2 M KCl extracts (1:5 soil/extractant) and measured colorimetrically using the phenate and cadmium reduction-diatotization methods with a Technicon II flow-injection autoanalyzer (Technicon Industrial Systems, Tarrytown, NY). Available P, K, S, Ca, and Mg were determined in Kelowna (0.015 M NH 4 F ϩ 0.25 M CH 3 COOH) soil extracts (1:10 soil/extractant). Orthophosphate and sulfate were measured colorimetrically by the ammonium molybdate-ascorbic acid method and the methylthymol blue method, respectively, using a Technicon IV flow-injection autoanalyzer (Technicon Industrial Systems, Tarrytown, NY). Available K, Ca, and Mg in Kelowna extracts were analyzed by AAS. Ammonium oxalate-extractable Al and Fe were determined using the method of McKeague and Day (1966) and analyzed by AAS. The CEC was measured using BaCl 2 as an index ion (Hendershot and Duquette, 1986) . pling time and carbonate and bicarbonate concentrations were pH and fertility parameters were analyzed statistically using with 20, 30, or 40 g manure kg Ϫ1 and available K levels a Tukey-Kramer test at the 95% confidence level.
were significantly higher (P Ͻ 0.05, Tukey-Kramer test) in soils amended with 30 or 40 g manure kg Ϫ1 than unamended soils (Tables 2 and 3 ). Available S concen-
RESULTS
trations in manure-amended and unamended soils did The application of cattle manure to acid soils had not differ after incubation (Tables 2 and 3 ). In Beaan immediate effect on soil pH. The pH of manureverlodge soils, available Ca and Mg concentrations after amended soils was significantly higher (P Ͻ 0.05, Tukeyincubation were significantly higher (P Ͻ 0.05, TukeyKramer test) than unamended soils, and the effect perKramer test) in soil amended with 40 g manure kg
Ϫ1
sisted during the 8-week incubation (Fig. 1a and 1b) . The than unamended soils (Table 2B) , while unamended application of 40 g manure kg Ϫ1 provided the highest soil from the Fort Vermillion site had among the highest buffering capacity of the manure rates examined and levels of available Ca and Mg after incubation (Table  increased (Table 2A ). There was no difference million sites (Tables 2 and 3 ). The nitrate and ammoin oxalate-extractable Al and Fe levels of manurenium concentrations in manure-amended soils from the amended and unamended soils at either site before or Beaverlodge site declined after the 8-wk incubation, after incubation (Tables 2 and 3 ). The CEC of Bealikely due to immobilization and/or denitrification (Taverlodge and Fort Vermillion soils ranged from 36.8 to ble 2). However, in soils from the Fort Vermillion site, 40.8 and 57.4 to 59.1, respectively, during the study but there was a net increase in NO 3 -N after incubation were not affected significantly by manure amendments (Table 3) . There was no effect of manure application (Tables 2 and 3 ). Carbonates were not detected in fresh on mineral N concentrations after the 8-wk incubation manure (Table 1) or soil from either site. Due to insuffifor either soil (Tables 2 and 3) . cient sample size, carbonate and bicarbonate concentraAvailable P, K, Ca, and Mg were higher in manuretions were measured on soil samples composited by amended soils than unamended soil from the Beamanure treatment for each site. Since there were large verlodge and Fort Vermillion sites immediately after differences in the HCO 3 concentrations of manuremanure application (Tables 2 and 3 ). Available S conamended samples, there is strong evidence for the folcentrations did not differ in manure-amended and unlowing results, even though we were unable to perform amended soils from either site (Tables 2 and 3 ). Availstatistical tests. The HCO 3 concentration was higher in able P, Ca, and Mg concentrations were significantly manure-amended than unamended soils from both sites higher (P Ͻ 0.05, Tukey-Kramer test) in soils receiving immediately after manure application, however the dif-20, 30, or 40 g manure kg Ϫ1 while available K levels ference in HCO 3 levels between manure-amended and were significantly higher (P Ͻ 0.05, Tukey-Kramer test) unamended soils decreased after the 8-wk incubation in soils amended with 30 or 40 g manure kg Ϫ1 than (Tables 2 and 3 ). The HCO 3 concentration in soil from unamended soils at both sites (Tables 2 and 3) . After the Beaverlodge site amended with 40 g manure kg Ϫ1 incubation, available P levels remained significantly was 70 and 47% higher than unamended soil after manure application and after 8-wk incubation, respectively higher (P Ͻ 0.05, Tukey-Kramer test) in soils amended (Table 2) . A similar trend was observed in soil from 6.0, and the lime requirement to achieve pH 6.0 was 3.4 Mg CaCO 3 ha
, or 3400 mg CaCO 3 kg Ϫ1 (assuming the Fort Vermillion site where soil amended with 40 g manure kg Ϫ1 had 43 and 21% more HCO 3 than una furrow layer of 1 ha to a depth of 20 cm). The application of 40 g manure kg Ϫ1 added 257 mg HCO 3 kg Ϫ1 to amended soil after manure application and after 8-wk incubation, respectively (Table 3) . the soil. Since bicarbonate is only half as reactive as carbonate, the application of 40 g manure kg Ϫ1 would have added approximately 129 mg CO 3 kg Ϫ1 , or about DISCUSSION 5% of the carbonate required to adjust soil pH to 6.0. There was an immediate increase in the pH of two It seems likely that compounds other than carbonates acid soils after application of fresh cattle manure, and and bicarbonates, such as organic acids with carboxyl the effect persisted during an 8-wk incubation of soiland phenolic hydroxyl groups, have an important role manure mixtures. Other studies have reported a similar in buffering soil acidity and increasing the pH of acid effect on soil pH after application of fresh or composted soils amended with manure. animal manure (Bickelhaupt, 1989; Warren and Fon- Mineral N concentrations tended to be greater in teno, 1993; Cooper and Warman, 1997; Iyamuremye manure-amended than unamended soils immediately et al., 1996; O'Hallorans et al., 1997; Eghball, 1999) .
after application of fresh manure. Ammonium levels in However, soil pH has been shown to decline in some manure-amended and unamended soils from the Beamanure-amended soils. Soil pH in the top 15 cm of verlodge and Fort Vermillion sites declined significantly calcareous soils (pH 7.8) amended with cattle manure (P Ͻ 0.001) in the first 2 wk of incubation, and remained annually for 11-yr declined by 0.3 to 0.7 units, and the below 2 mg NH 4 -N kg Ϫ1 from Weeks 2 to 8 (data not decline was greatest in plots receiving three times the shown). There was at least a 50% reduction in the recommended rates for manure application (Chang et NO 3 -N concentrations of manure-amended soils from al., 1990). The pH of soils (pH 5.4, top 15 cm) receiving the two sites by Week 2 of the incubation, followed by low and medium applications of swine lagoon effluent an increase in NO 3 -N levels from Weeks 2 to 8 (data annually for 11-yr increased by 0.4 to 0.5 units, while not shown). The net decline in the mineral N concentrathe pH of soils receiving high annual applications of tion of manure-amended soils from the Beaverlodge effluent declined by 0.3 units (King et al., 1990) . While site during incubation may have been due to immobilizawe have shown that cattle manure amendments can tion or stabilization of N in non-extractable chemically increase the pH of acid soils, the effects of manure on or physically protected pools, and possibly gaseous soil pH will depend on the manure source and soil charlosses. It seems possible that manure applications stimuacteristics. lated microbial activity, either by increasing soil pH or It has been proposed that changes in the pH of soils providing readily available C substrates for microbial amended with cattle manure are due to buffering from growth, which may have resulted in net N immobilizaCaCO 3 since much of the CaCO 3 added to cattle diets tion after the 8-wk incubation. Conversely, incubation may be excreted in manure (Eghball, 1999) . We did not of manure-amended and unamended soils from the Fort detect carbonate in either the manure or soils examined Vermillion site produced a net increase in the mineral in this study, although large quantities of bicarbonate N pool, which suggests conditions were more favorable were present in fresh cattle manure, and manurefor microbial growth and activity in soils from the Fort amended soils had higher levels of bicarbonate than Vermillion than Beaverlodge site. Available P and K unamended soils. The higher soil pH in manureconcentrations were greater in manure-amended than amended than unamended soils may have been parunamended soils throughout the study, which suggests tially, although not totally, due to buffering from bicarthat much of the P and K added in cattle manure remains bonates. The pH of soil from the Beaverlodge site in a pool that is readily available for plant uptake. Despite the addition of Ca and Mg from cattle manure to amended with 40 g manure kg Ϫ1 after incubation was 
